We study the universal far from equilibrium dynamics of magnons in Heisenberg ferromagnets. We show that such systems exhibit universal scaling in momentum and time of the quasiparticle distribution function, with the universal exponents distinct from those recently observed in BoseEinstein condensates. This new universality class originates from the SU(2) symmetry, which results in a strong momentum-dependent magnon-magnon scattering amplitude and absence of collisions between magnons and the condensate. We compute the universal exponents using the Boltzmann kinetic equation and incoherent initial conditions that can be realized with microwave pumping of magnons. We compare our numerical results with the analytic scaling solution, and demonstrate the robustness of the scaling to variations in the initial conditions. Our predictions can be tested in quench experiments of spin systems in optical lattices and pump-probe experiments in thin-layered ferromagnets such as Yttrium Iron Garnet.
Introduction. Understanding how universal behavior emerges in interacting quantum systems far from equilibrium is a central question in theoretical physics. A large body of theoretical works have proposed that isolated quantum systems, such as quark-gluon plasma after heavy ion collision, the early universe after inflation, or cold atoms after a quench, can exhibit universal behavior as they evolve far from equilibrium [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Such behavior is manifested in universal scaling in time and momenta of correlation functions in the prethermal regime, with the universal exponents independent of microscopic details or initial conditions. The appearance of universality far from equilibrium can be attributed to the existence of non-thermal fixed points in the system's phase space ( Fig.1) , with the non-equilibrium state inheriting its universal exponents [14] . Manifestations of universality far from equilibrium were recently observed experimentally for the first time in cold atomic gases [15] [16] [17] . This experimental feat creates new challenges, both in classifying all the possible universality classes as well as devising new tabletop experiments to explore them.
Here we uncover a new universality class arising in Heisenberg ferromagnets in the presence of SU(2) symmetry. Similar to the case observed experimentally with an interacting Bose-Einstein condensate (BEC) [15] [16] [17] , the prethermal quasiparticle distribution acquires a selfsimilar form:
where α and β are universal exponents independent of microscopic details or initial conditions, and f (x) is a universal function. Key properties that determine α and β are dimensionality, quasiparticle dispersion, and the nature of interactions. While a ferromagnet at low energy is effectively an interacting Bose gas after a HolsteinPrimakoff transformation [18] , the presence of SU(2) symmetry sets them apart from a conventional BEC in two important ways. First, interaction between quasiparticles are strongly constrained by SU(2) symmetry, giving rise to 'soft' collisions [Eq.(4) below]. Second, the SU(2) symmetry hinders collisions between quasiparticles and the condensate. These two features lead to distinct universal exponents in a broad range of wavevectors. Crucially, we find that the key requirement for the observation of the universal scaling in Eq. (1) is that a sufficiently large population of magnons is pumped into the system in order to drive a swift transition into the self-similar prethermal regime -the details of the initial conditions are unimportant. For example, assuming that magnons (which have quadratic dispersion in ferromagnets) are pumped in an energy window centered at ω and width ∆ω ∼ ω, then the density of magnons ρ has to satisfy ρa
, with a the lattice constant, J the exchange coupling and d is the system's dimension, such that the occupation number of modes at frequency ω is n ω 1, see Fig.1 (note that ρa d has an upper bound 2S + 1 for a spin-S system). Below such magnon density threshold, we do not observe self-similarity and the system evolves directly into the thermal fixed point.
Thermalization dynamics in Heisenberg ferromagnets also features other interesting characteristics besides self-
The presence of non-thermal fixed points in phase space can induce a prethermal state. Whether such state is formed starting from an incoherent state |Ψ inc depends on the total density ρ of magnons pumped into the system, and the frequency ω at which they are pumped. Both ρ and ω can be controlled through the strength and frequency of the driving field (see Fig.2 ). Here J is the exchange coupling, g is the interaction strength which break the SU(2) symmetry, and a is the lattice constant.
arXiv:1908.00554v1 [cond-mat.stat-mech] 1 Aug 2019 similar behavior. In particular, the SU(2) symmetry hinders thermalization of magnons at small momenta, thus creating a bottleneck for magnon relaxation. This is supported by previous experimental studies in the context of Bose-Einstein condensation of magnons in Yttrium Iron Garnet (YIG) after microwave pumping [19] [20] [21] . These experiments found a thermalization time τ ∼ 10−100 ns, which is surprisingly slow given that the exchange coupling J is on the THz scale. Similarly to how thermalization in close to integrable systems is governed by integrability-breaking terms [22] [23] [24] , we show that thermalization of long wavelength modes in ferromagnets is governed by terms that break the SU(2) symmetry, such as dipolar interactions or easy axis/plane anisotropies.
Besides of its fundamental appeal, our predictions are relevant in a variety of ongoing experiments. For example, we argue that the universal scaling exponents can be accessed in the previously-mentioned experiments in YIG [19-21, 25, 26] despite the coupling with phonons or SU(2) symmetry breaking processes. As shown below, collisions between quasiparticles due to exchange coupling, J ∼ 100 meV, can be made much faster than processes which lead to energy or quasiparticle losses, such as dipolar interactions g < ∼ 1 meV, if magnons with sufficiently large energies are populated (ω g). Cold atom platforms are also promising because the system can be effectively isolated from the environment, and the exchange interaction can be engineered using various mechanisms, e.g. Feshbach resonances, dipolar interactions or lattice shacking to name a few [27] [28] [29] [30] [31] [32] [33] .
Microscopic model. We consider a two-dimensional Heisenberg ferromagnet on a square lattice with nearestneighbor exchange coupling J and Zeeman field h z :
Here jj denotes summation over nearest neighbors. We assume that the system has N lattice sites, each containing a spin S degree of freedom, and periodic boundary conditions in each spatial direction. The spin operators satisfy the commutation relations Ŝ z j ,Ŝ
We proceed to build an effective theory valid when the density of quasiparticles is small, ρa 2 1. We recall that one magnon states |k =Ŝ + k |F are exact eigenstates of H with energies
Here |F = | ↓↓ . . . ↓ denotes the ferromagnetic ground state andŜ
j . Two magnon states |k, p =
2SŜ
+ kŜ + p |F , however, are not eigenstates ofĤ. [18, 34] The interaction between magnons can be obtained from the matrix elementŝ
such that one magnon states are coupled via momentumconserving collision G q k,p . When the incoming magnons have long wavelength, the collision term takes the simple form
. This characteristic (k · p) interaction arises from the global SU(2) symmetry and justifies why magnons propagate ballistically when |k| → 0. Such soft collision may seem counterintuitive for S = 1/2 systems given that two local spin flips are forbidden, which then suggests a strong hard-core interaction in order to prevent having two excitations on the same lattice site. Hard core collisions (and magnon leakage), however, may arise if the SU(2) symmetry is broken. Here we will focus on the regime in which the characteristic magnon wavevector k * (which is controlled by the frequency of pumping) satisfies J(k * a) 2 g, with g the strength of the SU(2) symmetry breaking term, such that the system is effectively SU(2) symmetric.
For a small magnon density such that the probability of having three or more magnons in close proximity is small, the magnon gas can be described as a bose gas with kinetic energy ε k , Eq. (3), and the two-body interaction G q k,p in Eq.(4). For ω J, only small k vectors are occupied, and we can expand the kinetic and interaction terms at small momenta as:
In our discussion, we assume that the lattice is at a small temperature such that magnon-phonon interactions can be neglected, which is usually the case for the timescales of interest t < ∼ 1 µs [35, 36] . In contrast to the Bogoliubov theory of weakly interacting Bose particles, the Hamiltonian (5) does not have anomalous terms of the form a † −k a † k which describe coherent scattering between finite energy quasiparticles and the condensate. Furthermore, scattering of quasiparticles vanishes as their momentum approaches zero, which precludes the formation of a magnon condensate at k = 0. These properties justify why a kinetic description at intermediate/long times is valid: the lack of condensate formation at low momenta would otherwise give rise to non-perturbative corrections at sufficiently long times.
Initial conditions We supplement the model in Eq. (5) with initial conditions which are relevant in a variety of non-equilibrium studies of ferromagnets, namely, uniform incoherent pumping of magnons in a narrow band of energies centered around ω satisfying ω > h z . As shown in Fig.2 , one way to achieve such initial conditions in a ferromagnetic material such as YIGs is via transverse FIG. 2. (a) Schematics of transverse pumping of magnons in a two-dimensional ferromagnet using a uniform time-dependent magnetic field h ⊥ (t), e.g. through an AC current j(t). (b) Shown is the creation of coherent pairs (k, −k), with ε k = ωp/2, using microwave pumping at frequency ωp. Here we assume the presence of a weak dipole-dipole interaction in the system. The number (energy) of magnons pumped into the modes k can be controlled with the strength (frequency) of h ⊥ (t).
microwave pumping h ⊥ (t) at frequency ω p = 2 k [37] . This protocol assumes that there is a finite dipole-dipole interaction [but small compared to J(k * a) 2 ]. The amount of magnons pumped into the systems can be controlled by the strength of h ⊥ , giving two independent knobs to control which k modes are excited, and their respective population n k . Although parametric pumping of magnons also create anomalous correlations â † −kâ † k , these decohere rapidly since pairs with different wavevectors k oscillate with different frequencies. We also note that this protocol leads to no net spin texture, Ŝ x,y k = 0. With this picture in mind, we parametrize the initial condition for Eq.(7) as
where k * is the wavevector at which magnons are pumped (ω = k 2 * /2m), n * parametrizes the number of magnons pumped into the system, and Γ determines the initial width of the distribution (its value depends on the details of the pump pulse, e.g. its duration). We emphasize that, although n k can be much larger than 1, n * needs to be chosen such that ρa 2 1 for Eq.(5) to be valid. Equations of motion. The measurable quantity of interest is the magnon population n k (t) = Ŝ + −k (t)Ŝ − k (t) as a function of time. In ferromagnetic materials, such quantity can be measured via Brillouin scattering, which was previously used in the context of Bose-Einstein condensation in YIG [20, 21] . An alternative technique is spin qubit magnetometry [38] , which has been used to measure (steady-state) magnon population [39, 40] as well as imaging single spins [41] , but also has been proposed to access a variety of elementary excitations in ferromagnets [42, 43] , spin ice [44] , spin chains [45] , and spin liquids [46] . In cold atom experiments, it is possible to use snapshots of local spin measurements Ŝ x iŜ x j for the different spin pairs in order to compute n k .
The time evolution of n k (t) at intermediate/long time scales can be described using the kinetic equation in the weak scattering regime, which is justified by the soft collisions in Eq.(5):
Here I k the collision integral
with ε i = ε k + ε p and ε f = ε k+q + ε p−q the energies of the initial and final states, respectively. In using the kinetic equation (7) and (8), we are implicitly assuming that decoherence of anomalous terms has already occured. Starting from the initial conditions in Eq.(6), we numerically solve Eqs. (7)- (8).
Universal exponents from dimensional analysis. Before presenting numerical results of the kinetic equation, we discuss the analytical results for the expected scaling exponent [47, 48] . Using the self-similar ansatz in Eq. (1) and defining κ i ≡ t β k i , the left-hand-side of Eq. (7) 
In the region of momentum space in which n k 1 [i.e., cubic terms of n k in Eq. (7) dominate], the right-hand-side of Eq. (7) reads I k {n p } = t 3α−4β−2dβ+2β I κ {f (|κ|)}. Matching the coefficients of t on both sides of Eq. (7), we find
The second relation between α and β can be found from conservation laws. Because magnon number is conserved after the pump, the condition ρ =
For d = 2, Eqs. (9)- (10) suggest that α = 1 and β = 0.5, which are close to the values found numerically below.
We stress that such scaling is expected to be valid at intermediate momenta |k| ≈ k * where n k 1. At large momenta,|k| k * , the self-similar scaling is no longer valid because n k < ∼ 1. At small momenta, |k| k * , the evolution is governed by a negligible scattering rate.
As a side remark, we note that we could have assumed energy conservation, which leads to the condition α = (β + 2)d, rather than particle number conservation which lead to Eq. (10). Whether particle number or energy energy conservation dominates in the self-similar region has to be checked empirically by numerical simulations.
Universal exponents from kinetic simulations. We first focus on prethermalization in the large pumping regime, n * 1. As shown in Fig.3(a) , after a few timesteps in units of τ * , the details of the initial conditions are lost and the distribution function at intermediate momenta, |k| ∼ k * , acquires a self-similar form governed by Eq.(1). We find that the distribution function n k can be fitted by Eq.(1) in a broad range of momenta (between one and two decades) using the parameters
and the universal function f (x) ∼ 1/x 2.3 . The uncertainty in Eq. (12) is obtained by initializing the simulation from qualitatively distinct initial conditions and computing the variations in (α, β), see below. Figure 3(a) also illustrates how the SU(2) symmetry affects thermalization at small momenta |k| k * . This is manifested in the lack of scattering of magnon states at |k| ≈ 0 due to the (k·p) scattering matrix element. For small momenta, the distribution function evolves as ∂ t n k ∼ t|k| 2 . Such behavior is cutoff by terms that break SU(2) symmetry.
We emphasize that the exponents (α, β) are distinct from those found experimentally in cold atom systems [15] [16] [17] (for instance, α ≈ β ≈ 0.1 in a 1D BoseEinstein condensate in Ref. [15] ). In addition to the difference in dimensionality, the key difference between the prethermal state observed in cold atoms and the one discussed in the present work is that, in the BEC case, dynamics is governed by collisions between quasiparticles and the condensate once the condensate starts to form.
In principle, nothing prevents observation of power law scaling of the distribution function when n * < ∼ 1, i.e. weak pumping. As shown in Fig.3(b) , we do not observe a self-similar scaling in our numerical results. In particular, we observe that the distribution at intermediate/large momenta relax to the thermal form n k ∝ e −ε k /T without exhibiting self-similarity (small momenta states, |k| k * , still scales as n k ∝ t|k| 2 ).
Importantly, the form of the prethermal solution is independent of the details of the initial condition. Figure 4(a) shows the evolution of the quasiparticle distribution after an initial pump at two frequencies. Similarly to Fig.3 , the details of the initial conditions are lost in a time scale on the order of τ * , and the system evolves according to the self-similar solution in Eq. (1) with the universal exponents in Eq. (12) .
SU (2) Another typical interaction is dipole-dipole interac-
jj which is usually a small perturbation to Eq.(2) in solid-state materials, i.e.
3 is the dipolar energy, and µ B is the Bohr magneton). WithĤ d present, there are several possible behaviors depending on the canting angle θ of the ferromagnetic order parameter with respect to the normal of the 2D plane which can be controlled via h z in Eq.(2). For θ = 0, dipolar interactions lead to the effective Hamiltonian
In this case, dipolar interactions is effectively hard core and the same conclusions as in the anisotropic exchange case follows. For 0 < θ ≤ π/2, both cubic terms and anomalous terms arise, both of which do not preserve particle number. In this case, the collision integral (8) needs to be modified to account for the modified spectrum due to the Bogoliubov quasiparticles as well as three- particle FIG. 4. (a) Robustness of the self-similar scaling under different initial conditions. Shown is the evolution of the quasiparticle distribution using a two-peak initial condition. In a time scale on the order τ * , the distribution function acquires a self-similiar form such as the one observed in Fig.3. (b) Thermalization in the presence of SU(2) symmetry breaking terms which gives rise to scattering at small momenta. We do not observe a noticeable change in the (α, β) values from those found in Eq.(12). Parameters used are described in the main text.
processes. Regardless of the presence of easy axis/plane anisotropies or dipolar interactions, these do not affect dynamics if magnons are pumped at sufficiently large energies, ω max(g d , J z ).
To illustrate the effects of symmetry breaking interactions on thermalization, Fig.4(b) shows the magnon relaxation in the presence of hard-core collisions g = 0.05J(k * a) 2 and n * 1. Contrary to the previously studied cases, the k ≈ 0 modes are populated at a speed on the order of τ g = J 2 ωg 2 n 3 * which is larger than τ * in Eq.(11) by a factor of (ω/g) 2 . Importantly, we find that the universal exponents at intermediate momenta, where exchange interaction dominates, remain within the values found in Eq.(12).
Summary & outlook. We showed that Heisenberg ferromagnets exhibit universal behavior after an incoherent pump. One future direction to explore is whether other types of universal dynamics can emerge when we consider broader classes of initial conditions, for example, spin textures which are effectively a condensate at finite wavevector. In particular, spin textures induce effective interactions between quasiparticles and the condensate [49, 50] . Such question can be addressed using the formalism developed in Ref. [51] . Another direction is studying whether the self-similar scaling survives in the large magnon density regime, i.e. as we approach criticality. Such studies need to go beyond the kinetic equation, for instance, using Truncated Wigner Approximation for spin systems [52] [53] [54] . On the experimental front, probing the predicted non-thermal fixed point in ferromagnets is within grasp of ongoing experiments, namely driven ferromagnetic insulators and spins in optical lattices.
